The direct thrombin inhibitor bivalirudin has been associated with better efficacy and less bleeding than heparin during coronary balloon angioplasty but has not been widely tested during contemporary percutaneous coronary intervention (PCI).
administration of glycoprotein IIb/IIIa (Gp IIb/IIIa) antagonists in addition to heparin. 5 These potent platelet inhibitors are not used universally, however, in part because of concerns about cost and increased bleeding risk.
The direct thrombin inhibitor bivalirudin was approved for clinical use in December 2000 as an alternative to heparin for patients with unstable angina during PCI, based primarily on the results of a randomized trial conducted between 1993 and 1994. In that study of 4312 patients, ischemic events were decreased by 22% and hemorrhagic complications by 62% with bivalirudin compared with heparin. 6, 7 The relevance of these data to current interventional practice is unknown, given that coronary artery stents, Gp IIb/IIIa inhibitors, low-dose heparin regimens, and thienopyridines were not used at the time of that trial. Two smaller more contemporary pilot studies did suggest, however, that by replacing heparin with bivalirudin during PCI, adjunctive Gp IIb/IIIa blockade might be used selectively rather than for all patients. 8, 9 If validated, such an approach might offer potential advantages with regard to cost, hemorrhagic risk, and procedural simplicity.
Our current randomized trial was therefore performed to determine if bivalirudin, with Gp IIb/IIIa inhibitors used in a provisional fashion if necessary during the procedure, could provide protection from ischemic and bleeding complications of PCI comparable with the current efficacy standard of low-dose heparin plus routine Gp IIb/IIIa blockade.
METHODS

Patient Population
The Randomized Evaluation in PCI Linking Angiomax to Reduced Clinical Events (REPLACE)-2 trial was carried out at 233 hospitals in 9 countries. Patients were eligible for entry if they were older than age 21 years and were to undergo PCI with an approved device. Exclusion criteria included PCI performed as reperfusion therapy for acute myocardial infarction, poorly controlled hypertension (blood pressure Ͼ180/110 mm Hg), unprotected left main trunk stenosis of more than 50% severity not protected by a patent bypass graft, pregnancy, PCI within the prior month or planned staged PCI within the subsequent month, active internal bleeding or bleeding diathesis, surgery, trauma or gastrointestinal or genitourinary tract bleeding within 6 weeks, prior intracranial bleeding or structural abnormality, platelet count less than 100 ϫ 10 3 /µL, or renal insufficiency with serum creatinine levels more than 4 mg/dL (353.6 µmol/L), or dependency on renal dialysis. Patients were also excluded if they required ongoing warfarin therapy or had been treated with unfractionated heparin within 6 hours (unless activated partial thromboplastin time [aPTT] was Յ50 seconds or activated clotting time [ACT] was Յ175 seconds), low-molecularweight heparin within 8 hours, bivalirudin within 24 hours, abciximab within 7 days, or eptifibatide or tirofiban within 12 hours before randomization. The protocol was approved by the institutional review boards at each clinical site, and all patients gave written informed consent.
Study Protocol
All patients received aspirin. Pretreatment with clopidogrel bisulfate, 300 mg, was strongly encouraged 2 to 12 hours before the interventional procedure, followed by daily administration of 75 mg for at least 30 days. Before each patient was randomized, physicians were required to specify on the study database whether abciximab or eptifibatide was to be used as the Gp IIb/IIIa inhibitor in the heparin group or as provisional administration in the bivalirudin group. Patients were randomized in a double-blind fashion by a central telephone system to receive either bivalirudin (with provisional Gp IIb/IIIa blockade) or heparin plus p l a n n e d G p I I b / I I I a b l o c k a d e (FIGURE 1). Bivalirudin was administered as a bolus of 0.75 mg/kg prior to the start of the intervention, followed by infusion of 1.75 mg/kg per hour for the duration of the procedure. Patients randomized to heparin plus Gp IIb/IIIa received a heparin bolus of 65 U/kg (maximum 7000 U) prior to PCI, with either abciximab (0.25 mg/kg bolus, 0.125 µg/kg per minute [maximum of 10 µg/min] infusion for 12 hours) or eptifibatide (two 180-µg/kg boluses 10 minutes apart, 2.0 µg/kg per minute infusion for 18 hours). Doubleblinding was maintained by using a double-dummy technique, wherein hospital research pharmacists dispensed identical bivalirudin or heparin bolus syringes, bivalirudin or placebo infusion bags, and a Gp IIb/IIIa inhibitor or placebo bolus and infusion. The ACT was measured on the Hemochron Jr device (ITC, Edison, NJ) 5 minutes after the study drug boluses were administered. An additional bivalirudin (0.3 mg/kg) or heparin (20 U/kg) bolus was given if the ACT was less than 225 seconds; a matching saline placebo bolus was administered if the ACT was 225 seconds or higher.
Provisional Gp IIb/IIIa blockade with the agent chosen prior to randomization could be administered for procedural or angiographic complications at any time during the PCI using a blinded bolus plus infusion of active drug (in the bivalirudin group) or placebo (in the heparin plus Gp IIb/IIIa group). Suggested indications for provisional Gp IIb/IIIa use included, but were not restricted to, abrupt or side-branch closure, obstructive dissection, new or suspected thrombus, impaired or slow coronary flow, distal embolization, persistent residual stenosis, unplanned stent placement, prolonged ischemia, or other clinical instability. Unless an approved closure device was used, vascular access sheaths were to be removed following the procedure once the ACT was 175 seconds or less or the aPTT was 50 seconds or less.
Study End Points
The primary end point was a quadruple composite of death, myocardial infarction, severe myocardial ischemia requiring urgent surgical or repeat per-cutaneous coronary revascularization, or in-hospital major bleeding within 30 days of randomization. A secondary composite end point was confined to the triple ischemic components of death, myocardial infarction, or urgent revascularization by 30 days. End point myocardial infarction was defined by new significant Q waves in 2 or more contiguous electrocardiographic leads or elevation in creatine kinase (CK) levels or CK-MB (obtained in all patients every 8 hours for the 24 hours after the procedure) to 3 or more times the upper limit of local normal within 2 days of revascularization or to 2 or more times the upper limit of normal outside of the setting of revascularization.
Major bleeding was defined as intracranial, intraocular, or retroperitoneal hemorrhage, clinically overt blood loss resulting in a decrease in hemoglobin of more than 3 g/dL, any decrease in hemoglobin of more than 4 g/dL, or transfusion of 2 or more units of packed red blood cells or whole blood. Minor bleeding was defined as clinically overt bleeding that did not meet criteria for major bleeding. Bleeding was also classified according to the criteria of the Thrombolysis in Myocardial Infarction (TIMI) study group. 10 To account for the influence of red blood cell transfusions, estimated decreases in hemoglobin were adjusted according to the technique described by Landefeld et al. 11 End point classifications were made by a blinded clinical events committee.
Statistical Analysis
The objective of this trial was to determine if bivalirudin with provisional Gp IIb/IIIa blockade was not inferior to the current efficacy standard of heparin plus Gp IIb/IIIa and was superior to heparin alone with regard to the primary quadruple composite end point. Given the strength of evidence supporting Gp IIb/IIIa blockade over heparin alone, it was considered unethical to randomize patients in this trial to receive heparin monotherapy. An indirect comparison of the bivalirudin group to an imputed heparin control was therefore made. Using a random-effects meta-analysis of the data sets from 2 recent trials of abciximab 12 or eptifibatide 13 vs heparin during coronary stenting (with end point definitions consistent with those in our trial), a combined odds ratio (OR) of 0. Two sequential tests were performed using the imputed OR of bivalirudin vs heparin. First, superiority of bivalirudin over heparin was assessed by observing if the upper 95% CI of the imputed OR bivalirudin vs heparin excluded unity. Second, noninferiority of bivalirudin vs heparin plus Gp IIb/IIIa was determined by whether bivalirudin preserved at least 50% of the effect of heparin plus Gp IIb/IIIa over heparin alone. [14] [15] [16] For this second test, 50% of the benefit of heparin plus Gp IIb/ IIIa over heparin is described mathematically by the square root of the overall OR heparin+Gp IIb/IIIa vs heparin and is OR 0.82 (95% CI, 0.74-0.92). The upper CI for this estimate (0.92) defines the noninferiority boundary; thus, for bivalirudin to be regarded as noninferior to heparin plus Gp IIb/IIIa, the upper bound of the 95% CI of the imputed OR bivalirudin vs heparin could be no greater than 0.92. The secondary triple composite end point of the trial was subjected to analogous superiority and noninferiority testing, using the OR heparin+Gp IIb/IIIa vs heparin of 0.55 (95% CI, 0.43-0.71) and noninferiority boundary of 0.84 calculated from the metaanalysis. Two-sided P values are reported, and analyses included all patietns for whom end point data were available. Analyses were performed using SAS statistical software, version 8.0 (SAS Inc, Cary, NC).
Sample size was based on pilot data suggesting an 8.0% primary quadruple end point event rate in the control (heparin plus Gp IIb/IIIa blockade) group and a 12.5% relative reduction in the bivalirudin arm.
9 Using a 2-sided ␣ level of .05 and 3000 patients per group, the trial had a 99% power to detect superiority over the imputed heparin control and a 92% power to satisfy noninferiority criteria relative to heparin plus Gp IIb/IIIa. An in- terim safety analysis was performed by a data and safety monitoring board when data for the first 1500 patients were available. Table 2 ). The most common reasons cited for administering provisional Gp IIb/IIIa blockade were diminished or slow coronary flow (10.2% and 11.1% of provisional use in the heparin and bivalirudin groups, respectively), obstructive dissection (12.7% and 16.7%) , new or suspected thrombus (17.2% and 17.1%), persistent residual stenosis (10.2% and 9.3%), and unplanned stent (11.5% and 8.8%) . By 5 minutes after the study drug boluses, the median ACT was 41 seconds longer among patients treated with bivalirudin (358 seconds; IQR, 320-400 seconds) vs heparin plus Gp IIb/ IIIa (317 seconds; IQR, 263-373 seconds; PϽ.001; FIGURE 2). At the end of the interventional procedure, median ACT values were 68 seconds higher with bivalirudin than with heparin plus Gp IIb/IIIa.
RESULTS
Enrollment
The primary quadruple composite end point of death, myocardial infarction, urgent repeat revascularization, or in-hospital major bleeding by 30 days occurred in 299 (10.0%) of 2991 patients in the heparin plus Gp IIb/IIIa inhibitor group vs 275 (9.2%) of 2975 patients in the bivalirudin group (OR, 0.92; 95% CI, 0.77-1.09; P=.32). Relative to heparin alone, the imputed OR was 0.62 (95% CI, 0.47-0.82), satisfying statistical criteria for noninferiority to heparin plus Gp IIb/IIIa blockade and superiority to heparin alone. The secondary triple composite end point of death, myocardial infarction, or urgent repeat revascularization was reached in 211 (7.1%) of 2990 patients in the heparin plus Gp IIb/IIIa inhibitor group vs 227 (7.6%) of 2975 patients in the bivalirudin group (OR, 1.09; 95% CI, 0.90-1.32; P =.40). The imputed OR relative to heparin alone was 0.61 (95% CI, 0.44-0.83), satisfying criteria for noninferiority to heparin plus Gp IIb/IIIa inhibition and superiority to heparin alone. Criteria for noninferiority with the quadruple and triple end points were also met among the per protocol population of 5785 pa- tients in whom PCI was attempted and the study drug administered. There were no apparent differences among various major subgroups of patients with regard to the effect of bivalirudin vs heparin plus Gp IIb/IIIa therapy on the primary quadruple end point (FIGURE 3) or the secondary triple end point. The timing of clopidogrel pretreatment did not influence the efficacy of bivalirudin relative to heparin plus Gp IIb/IIIa blockade.
Individual components of the composite end points are listed in TABLE 3. Rates of myocardial infarction were numerically higher in the bivalirudin group by an absolute 0.8%; this nonsignificant difference was confined to non-Q-wave infarctions, predominantly with a moderate-sized increase in CK-MB 5 to 10 times the upper limit of normal. In contrast to the absence of statistically significant differences between treatment groups with regard to the ischemic events, there was a 41% relative reduction in the major bleeding component of the primary end point among patients treated with bivalirudin (2.4% vs 4.1%; PϽ.001). The most frequent site of major bleeding was the vascular access puncture, for which the incidence of hemorrhage was 2.5% with heparin plus Gp IIb/IIIa vs 0.8% with bivalirudin. The rates of other hemorrhagic end points were also lower with bivalirudin (TABLE 4) .
COMMENT
This large-scale randomized multicenter trial tested the efficacy of the direct thrombin inhibitor bivalirudin as a replacement for heparin during the contemporary practice of PCI. A broad spectrum of more than 6000 patients undergoing urgent or elective stent, angioplasty, or atherectomy procedures was evaluated. Bivalirudin, with a Gp IIb/IIIa inhibitor administered provisionally in approximately 7% of patients, provided protection from periprocedural ischemic events that was not inferior to that of the current standard of low-dose heparin plus planned Gp IIb/IIIa blockade, with less associated major hemorrhage. Bivalirudin with a provisional Gp IIb/IIIa inhibitor was superior to heparin alone by an imputed comparison. These findings validate bivalirudin with selective Gp IIb/IIIa blockade as an effective and safe anticoagulation strategy during PCI, with advantages with regard to bleeding risk, cost, and ease of administration.
Heparin provides incomplete protection from periprocedural ischemic events and has a clear propensity for greater bleeding risk as doses are increased to improve efficacy. 17 Although adjunctive administration of platelet Gp IIb/IIIa inhibitors is unquestionably effective in reducing the incidence of acute ischemic complications, 12, 13 with evidence of long-term suppression of mortality as well with abciximab, [18] [19] [20] therapy with these agents is not without limitations. Bleeding has been an issue of particular concern since Activated clotting times (ACTs) were measured in the heparin plus glycoprotein IIb/IIIa (Gp IIb/IIIa) and bivalirudin groups at baseline, 5 minutes after study drug bolus, and at the end of the interventional procedure. Plotted are medians and interquartile ranges. 22 Thrombocytopenia, at times profound, occurs in 1% to 3% of patients during Gp IIb/IIIa blockade, particularly with abciximab. 12, 13 Although reversible, thrombocytopenia in this setting is associated with bleeding and ischemic sequelae, blood product transfusions, and prolonged hospitalizations. 23, 24 Moreover, economic considerations discourage use of Gp IIb/ IIIa agents, given the wholesale acquisition costs for an average (87 kg in REPLACE-2) patient of approximately $1300 for abciximab or $615 for eptifibatide. 25 In addition, the prescribed 12-or 18-hour infusion durations for abciximab or eptifibatide, respectively, may prolong hospitalization and patient immobilization times in an era of expedited care following PCI.
Bivalirudin directly inhibits the fibrinogen recognition and catalytic sites of the thrombin molecule. Unlike heparin, this agent can neutralize clotbound thrombin, does not require a cofactor, is not inactivated by circulating inhibitors, and does not bind to plasma proteins. 1, 26 Furthermore, in contrast to the platelet-activating effect of heparin, bivalirudin may inhibit thrombinmediated platelet activation. 27 Prior to our trial, clinical data supporting bivalirudin as an alternative to heparin during PCI were particularly noteworthy for evidence of substantial reductions in bleeding complications in conjunction with diminished ischemic events. 6, 8 Several features of the design of REPLACE-2 deserve comment. We chose to use bivalirudin as a monotherapy with provisional rather than planned Gp IIb/IIIa blockade. This decision was based in part on pilot data suggesting that the advantage of bivalirudin with regard to bleeding may be attenuated by concomitant Gp IIb/IIIa inhibition, 9 as well as considerations of the additive costs of these therapies. Additionally, the antiplatelet effect of bivalirudin may be clinically relevant in combination with thienopyridines and aspirin. These considerations, coupled (8.4) 165/2008 (7.5) Absent 194/2582 (7.5) 172/2582 (6.7) ≤75 Age, y 33/393 (8.4) 39/409 (9.5) >75 58/663 (8.7) 54/676 (8.0) Present ACS 169/2269 (7.4) 154/2260 (6.8) Absent 188/2578 (7.3) 172/2554 (6.7) Pretreatment Thienopyridine 39/397 (9.8) 39/436 (8.9) No Pretreatment 112/1322 (8.5) 93/1332 (7.0) Abciximab Gp IIb/IIIa 115/1648 (7.0) 118/1651 (7.1) Eptifibatide ACS indicates acute coronary syndrome, defined as unstable angina within preceding 48 hours or myocardial infarction (MI) within the prior 7 days; Gp, glycoprotein. The size of the data markers are approximately proportional to the size of the subgroup.
with the observation of low rates of periprocedural myocardial infarction with bivalirudin monotherapy in prior studies, [7] [8] [9] suggested that the risk of ischemic complications with this agent might be comparable with that of heparin plus Gp IIb/IIIa blockade. A noninferiority trial design was therefore used, based on the hypothesis that by virtue of its lower cost, short duration of administration, and potential to reduce hemorrhagic complications, bivalirudin would be an attractive treatment alternative if its efficacy approximated that of heparin plus Gp IIb/IIIa inhibition.
The statistical approach to establishing noninferiority in this trial was rigorous 28 because we used a formal noninferiority margin. Although no standard or universally-accepted basis exists for choosing such a margin, 14, 16 a noninferiority boundary preserving at least 50% of the standard drug effect as used in this study, has precedent 15, 29, 30 and is clinically relevant. 16 The findings of the imputed CI method prespecfied for REPLACE-2 were conf i r m e d b y 3 o t h e r t e c h n i q u e s (calculations not shown). Hasselblad and Kong 14 have proposed an alternative in which the "proportion of active control effect retained" may be estimated; using their technique, bivalirudin with provisional Gp IIb/IIIa preserves at least 75% and 51% of the effect of heparin plus Gp IIb/IIIa blockade with respect to the quadruple and triple end points, respectively. A "two confidence interval procedure" described by Rothmann and colleagues 31 provides 99.7% and 96.3% confidence that the quadruple and triple end points, respectively, preserve at least 50% of the effect of heparin plus Gp IIb/IIIa inhibition. In addition, both the quadruple and triple end points meet the requirements of another method that assesses whether the CI for the benefit of a new therapy falls within the limits of the "minimum treatment effect" of the standard therapy. 32 The control group of REPLACE-2 reflects the current state of best clinical practice during PCI. Both abciximab and eptifibatide have been proven in placebo-controlled trials to reduce periprocedural ischemic events in this setting relative to heparin alone 12 or heparin and provisional Gp IIb/IIIa. 13 The REPLACE-2 design therefore permitted either abciximab or eptifibatide to be chosen, and the ratio in the trial (0.55:0.45 eptifibatide:abciximab) was similar to current-use patterns. The heparin dose prescribed in the control group was 65 U/kg, midway between the reduced, weight-adjusted doses of 70 U/kg and 60 U/kg used in the recent Evaluation of Platelet Inhibition in Stenting (EPISTENT) 12 and Enhanced Suppression of the Platelet IIb/IIIa Re- ceptor with Integrilin Therapy (ESPRIT) 13 trials of abciximab and eptifibatide, respectively. Although heparin doses lower than 60 U/kg may be given by some operators in clinical practice, such doses have not been validated in a controlled trial setting, have not been demonstrated to provide adequate protection against ischemic events or reduce bleeding complications, and would not have been an appropriate control therapy in this trial.
The median peak ACT value in the heparin plus Gp IIb/IIIa group of REPLACE-2 was 317 seconds vs 314 seconds in EPISTENT and 273 seconds in ESPRIT. 12, 13 Given the similar weight-adjusted heparin doses and identical abciximab and eptifibatide regimens in the 3 trials, differences in ACT levels likely reflect variations in instrumentation and reagents over the years between the trials rather than true differences in degree of anticoagulation. Previous investigators have highlighted the difficulties in comparing ACT results obtained from different generations of the Hemochron device or different cuvettes by documenting substantial variations (by as much as Ն110 seconds) in ACT values. 33 Moreover, the incidences of hemorrhage were actually quite comparable in the heparin plus Gp IIb/IIIa groups of EPISTENT, ESPRIT, and REPLACE-2. By the TIMI definitions used in the earlier 2 trials, rates of major or minor bleeding (similar to the definition of "major bleeding" in REPLACE-2) were 4.4% in EPISTENT, 12 4.0% in ESPRIT, 13 and 3.9% in REPLACE-2 (Table 4) . Although statistical criteria for noninferiority to heparin plus Gp IIb/IIIa were satisfied in REPLACE-2, there was a statistically nonsignificant 0.5% excess of ischemic events (predominantly non-Q-wave infarction) in the bivalirudin group. Previous studies have demonstrated an association between myocardial infarction during PCI and impaired long-term (Ն1 year) survival, 34, 35 but the late mortality risk attributable to relatively small differences in infarction rates remains unknown. Long-term follow-up (6 month and 1 year) is underway in REPLACE-2 to examine the consequences of a disparity in early ischemic events, but it is relevant to note that even larger differences in early infarction rates have not consistently translated into detectable differences in 1-year mortality in other trials. 15, 36 On the other hand, major bleeding, transfusions, and thrombocytopenia are also clinically relevant complications, associated with patient discomfort, prolonged hospitalization, infection risk from blood products, and increased cost. The significant absolute 1.7 major bleeding events, 1 thrombocytopenia episode, or 0.8 transfusions prevented for every 100 patients treated with bivalirudin in this trial may be a reasonable balance against a nonsignificant 0.5% ischemic risk (1 additional event for every 200 patients treated). Moreover, although a formal health economic analysis of REPLACE-2 is underway, it is likely that bivalirudin therapy (wholesale acquisition cost of $395 per patient on average in this trial 25 ) might prove to be economically attractive. The logistics of adjunctive drug administration and early hospital discharge may also be simplified by the brief duration (typically Ͻ1 hour) of bivalirudin infusion.
On the basis of this trial then, what is an appropriate role for bivalirudin in the clinical practice of PCI? REPLACE-2 enrolled a representative cross-section of patients undergoing urgent or elective revascularization, and thereby establishes bivalirudin with provisional Gp IIb/IIIa blockade as a suitable alternative to heparin plus a Gp IIb/IIIa inhibitor in these settings. It is reassuring that preliminary analyses did not suggest heterogeneity in outcome with these 2 therapeutic strategies among different subsets of patients ( Figure 3 ) although it must be recognized that any individual subgroup within the trial is insufficiently powered to support definitive conclusions regarding noninferiority. Moreover, patients with acute myocardial infarction or unstable ischemic syndromes requiring empiric Gp IIb/ IIIa inhibition were not included in REPLACE-2, and the results of this trial should not be interpreted to suggest that Gp IIb/IIIa blockade should be supplanted in those patients. Selection of adjunctive antithrombotic therapy during PCI must take into account the expected benefit vs hazard in individual patients, based on the findings of REPLACE-2 in the context of an existing body of trial data regarding Gp IIb/ IIIa blockade. Glycoprotein IIb/IIIa inhibitors should therefore be withheld only with caution in those with highrisk characteristics (such as acute ischemic syndromes or treated diabetes), which have been correlated with distinctive acute benefit or long-term survival advantage from these agents. 37 Certainly, the sizable number of patients with low-or moderate-risk characteristics for periprocedural or longterm ischemic complications of PCI are appropriate candidates for bivalirudin with provisional Gp IIb/IIIa inhibition, especially if there is a heightened likelihood of bleeding. In particular, the validation of bivalirudin therapy leaves little justification for the continued practice of treating some patients with heparin alone during contemporary percutaneous coronary revascularization. What remains to be investigated is whether outcome during PCI may be further optimized in a cost-effective manner by routine combination of bivalirudin and Gp IIb/IIIa blockade in high-risk patients. Author Contributions: Dr Lincoff, as principal investigator of this trial, had full access to all the data in the study and takes responsibility for the integrity of the data and the accuracy of the data analyses. Study concept and design : Lincoff, Bittl, Feit, Kleiman, E. Cohen, Desmet, Vahanian, Topol. 
